An anisotropic wicking of molten Sn-Pb solder over an intermetallic rough surface has been studied. The phenomenon features preferential spreading and forming of an elliptical spread domain. A theoretically formulated model was established to predict the ratio of the wicking distance along the long axis (r x ) to that along the short axis (r y ) of the final wicking pattern. The phenomenon was simultaneously experimentally observed and recorded with a hotstage microscopy technique. The anisotropic wicking is established to be caused by a non-uniform topography of surface micro structures as opposed to an isotropic wicking on an intermetallic surface with uniformly distributed surface micro features. The relative deviation between the theoretically predicted r x /r y ratio and the corresponding average experimental value is 5%. Hence, the small margin of error confirms the validity of the proposed theoretical model of anisotropic wicking.
Introduction
Wetting of the topographically complex interfaces and associated wicking phenomena over rough surfaces or porous domains have been for a long time of keen interest in a broad range of applications, including brazing, soldering, inkjet printing and micro fluid management [1] [2] [3] . A number of research efforts have been made on isotropic wetting/wicking on rough/structured surfaces in the last two decades [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Virtually all of these studies describe only the isotropic wetting/wicking phenomena. In most cases, a classical Washburn type flow model [14] was implemented. In recent years, an anisotropic wetting/wicking begins to gain more attention as developments in surface engineering and other micro scale applications became more prominent. Anisotropic wetting/wicking is usually achieved at a room temperature by using (i) micro/nano scale regular grooved structures engineered on a surface [15] [16] [17] , (ii) micro/nano symmetric/asymmetric structures [18] [19] [20] , and (iii) selective chemical patterning on surfaces [21] [22] . As a rule, these studies are not fully devoted to kinetics of spreading. Only a few theoretical models describing the liquid flow kinetics were reported under these conditions.
In this study, we demonstrate first an anisotropic wicking phenomenon at a temperature of ∼ 260 o C for the case of spreading of a molten SnPb solder. This liquid metal spreading is caused by the capillary action involving micro scale topographic features on the so called IMC3 surface [10, 11] . Subsequently, the focus is shifted toward establishing a theoretical model for predicting the ratio of the wicking distances along two orthogonal and directions. Finally, corroboration of the theoretical model and empirical data was performed.
Phenomenological description and problem formulation
A scanning electron microcopy (SEM) image as well as a real time in situ image generated with the hot-stage optical microscopy presented in Figures  1 (a) and (b) show the topography of IMC1 surface and associated wicking of molten Sn-Pb solder over that surface. It is easy to notice that IMC1 surface has uniformly distributed topographical features -micro scallop-shaped grains. Such uniformity leads to a uniform, circular pattern of wicking of the molten metal, see Fig. 1 (b) . A successful analytical model for such wicking was reported recently in [12] . Figures 1 (c) and (d) illustrate the topography of a modified surface, IMC3, for which the associated wicking of the same liquid metal as for IMC1 appears to be dramatically different. One should notice a marked difference in topography between IMC1 and IMC3. Instead of having uniform distributed grains like IMC1, IMC3 has grown grains which are distributed non-uniformly; with a stark anisotropy in the two orthogonal directions. Such non-uniformity of the topographical features leads to an anisotropic wicking of the molten metal. A phenomenological description of the spreading (wicking) is as follows. After a pellet of a solid Sn-Pb solder (∼0.2 mm equivalent radius and ∼0.05 mm thickness), was placed on the pre-prepared IMC1/IMC3 surface and exposed to melting, liquid metal was sucked into the surface roughness topographical features composed of a network of open triangular (in the first approximation) grooves. For IMC1, Figure 1 
Theoretical model
In Figure 2 , a model configuration is presented for two orthogonal directions. The x and y axes represent the directions of the long and short radii of the preferential directions of an ellipse of Figure 1 (d). For both directions, a control volume within a very small angle δ is taken for analysis. The radius r 0 is the initial radius of the solder material; r x represents a random radial location of the wicking front radius within the range from r 0 to the final radius, associated with u x (r x ) and t; r y represents the same for the y direction. The model is established with the assumptions discussed in [12] as the experimental setup and materials used in these two series of experiments are identical. The velocity field must be consistent with the continuity equation and the Darcy's Law implemented for an arbitrary liquid metal differential ele-ment within the marked control volume, [23] 
where v is the velocity vector, µ is the dynamic viscosity, and K is an intrinsic permeability tensor of the porous medium. The pressure gradient ∇p is associated with the real flow path driven by the capillary force. The simplified equation for the velocity associated with r x in x direction may be expressed as
The velocity of liquid while it flows through the location of r x at the corresponding time instant t can also be expressed by definition as
where τ x is tortuosity along the long axis, defined as the ratio of the real extended curved path that fluid passes through the micro channels to the shortest distance between the ends of the real path. Equality of velocity u x (r x ) expressions of in equation (2) by Darcy's law and definition of velocity in equation (3) will lead:
The product (τ x r x ), which corresponds to an arbitrary position r x , is the path of the molten metal flowing through IMC3 surface alterations. This product introduces tortuosity into the model, τ x [24] . The tortuosity τ x is along the long axis direction on the IMC3 surface.
The pressure gradient at a location r x in equation (2) can be approximated as
Combining Eq. (4) and (5) leads to
The pressure gradient established along the porous domain in equation (2) is caused by a capillary force exerted on the molten metal flowing through the open grooves formed by roughness features of the surface. In order to assess the capillary pressure, capillary force F σ and associated area A(α, θ) are introduced. The dominant feature of surface grooves is experimentally assessed to be of a V-shape [25] . Based on [12] , [26] , but with the groove of the profile height h 0 only partially filled (h = ηh 0 ), one gets
where η is the filling factor which is introduced in our recent work [12] , [13] . The actual cross sectional area of liquid in a single V-groove can be expressed as, [13] 
Note that equation (10) includes an impact of the filling factor η [12, 13] , not present in the modeling referred to in [26] .
With ∆p = F σ /A(α, θ), F σ and A(α, θ) from equation (7) and (8) respectively, an integration of equation (6) with respect to time from t 0 to t across the domain of spreading from r 0 to r x , respectively, leads to
Applying the same consideration for the flow in the y direction will lead to the relation between r y and t, that is
Equations (9) and (10) include both the same geometric parameter, G, i.e.,
In Eq.(11), G(α, θ) is a non-dimensional geometrical parameter stemming from the topography of a micro groove. Equations (9), (10) and (11) offer a correlation between an instantaneous location of the triple line, r x , r y and the spreading time, t. They also show that the spreading rate is related to the topography of the surface and the liquid properties. The ratio of the two radii, Equations (9) and (10), offers the relationship between the wicking distance in x direction (the long axis) to that in the y direction (the short axis).
where τ x , τ y are the tortuosity along the long axis (x-axis) and the short axis (y-axis) of the ellipse, respectively. The quantities k x and k y are the permeabilities associated with the x-axis and y axis, respectively. Hence, the ratio of the wicking radii in two orthogonal directions is expressed as a function of tortuosity and permeability. A careful consideration of the order of magnitude of the terms on the right-hand side of the first equality in equation (12) 
, where
. Consequently, the second equality would hold with a high level of precision.
Materials and experimental procedures
The substrate was manufactured from a virgin Cu sheet. A Cu plate was dipped into the molten Sn at 260˚C, then the re-solidified Sn coating was etched away to expose the IMC layer formed at the interface. The details of this procedure were described in [10, 11] .
Subsequently, the manufactured substrate was exposed to an experimental procedure aimed at establishing the kinetics of the liquid metal spreading. The hot stage microscopy was used to analyze kinetics of the triple line movement. A substrate coupon having overall dimensions of 10 mm × 10 mm × 0.3 mm (or 0.5 mm) is positioned within the chamber of the LINKAM THMS 600 hot stage installed on an OLIMPUS BX51M optical microscope. A solder specimen was covered with a thin layer of RMA flux [EC-19S-8, Tamura Corp.]. The chamber was filled with ultra high purity N 2 (99.999%), after purging with nitrogen for 120 minutes before an initiation of the heating cycle. The purging has secured at least 30 chamber's volume replacements. The purging was continued during a test. The heating cycle consists of a ramp up, dwell and quench assisted by a liquid nitrogen cooling system.
The heating ramp-up was 100 o C/min and the cooling ramp-down was 80 o C/min. Temperature stability was at the level of 0.1 K. Verification of the actual solder temperature was performed by comparing temperature readings for a given instant of time at the onset of melting, with the eutectic solder melting point temperature known. Correspondingly, temperature readings were corrected and the bias was eliminated. The series of thermal contact resistances includes (i) Ag heating block -quartz glass interface, (ii) quartz -glass -interface -substrate, and (iii) substrate-solder interface, in presence of flux. The peak temperature is set to be consistently 30K above the liquidus temperature of the corresponding solder. During the heating/cooling cycle, digital imaging is performed with a 22 frames/s digital camera system. Movie clips were digitally decomposed into individual frames and associated with digitally recorded corresponding substrate temperature histories. The ratio of the wicking distance along the long axis to that along the short axes r x /r y indicated in Figure 1 (d) is experimentally measured after performing four different tests. Data handling was performed using the ImagePro Plus software. The measured ratios were 1.25, 1.40, 1.26 and 1.47, respectively. The average value is 1.35 with the standard deviation of 0.11.
Each IMC surface was also scanned by a Zygo 3D optical surface profiler for an area of 1.447 mm × 1.085 mm with an optical magnification of 200×. The Zygo optical profilometer has a vertical resolution of 0.1 nm and field of view of 0.04 -17.5 mm. The surface topography measurements were done at ambient conditions. Figure 3 (a) and (b) offers respectively the topography analysis results for IMC1 and IMC3 generated by the Zygo 3D optical surface profiler. The surface scanning was conducted on a random location with a scanning area of 1.447mm × 1.085mm on both IMC1 and IMC3 surfaces. The scanning results indicate clearly the topographic difference of IMC1 and IMC3 surfaces. Comparing to IMC1, the surface topographical structures on IMC3 are with a larger size, and are distributed with a much less uniformity and a preferential anisotropy. The surface structures on IMC1 and IMC3, with various sizes and different distributions of the surface topographical features, resulted in either isotropic or anisotropic wicking behavior, respectively.
Results and discussion
The permeability is expressed as a function of the surface porosity [27] , [12] and roughness [28] . where k theor is theoretically derived permeability; ε is the porosity; B is the ratio of total surface area of voids throughout the porous medium to the total volume of the porous medium. Note that the total volume of the porous medium in this study is the product of the projected area and the height of the IMC substrate. Tortuosity and surface porosity have a correlation expressed as τ = ε −1.2 , [24] , [29] . The surface porosity of IMC3 is measured at four different random locations, based on atomic force microscope (AFM) scanning results. It is found it to be 0.65 for x direction and 0.59 for y direction, with standard deviations of 0.04 and 0.06 respectively. The ratio of the surface roughness associated with the y direction to that associated with the x direction is measured to be 1.1, with the standard deviation of 0.1. The ratio of the final wicking radius along x-axis to the radius along the y-axis is experimentally measured for four different wicking tests on IMC3 surface and the average value of that ratio is 1.35, with the standard deviation of 0.11. With all the measured parameters for the topographical features, the theoretical ratio presented in equation (12) is calculated to be 1.42. Correspondingly, the relative deviation between theoretically predicted r x /r y ratio (1.42) and the average experimental value (1.35) is only 5%. This small margin of error verifies the validity of the theoretically derived model of the considered anisotropic wicking.
Conclusion
An anisotropic wicking phenomenon involving spreading of molten Sn-Pb solder on a fabricated intermetallic rough surface was modeled and studied experimentally with the aid of hotstage microscopy in situ and in real time.
Comparison of IMC1 and IMC3 indicates that IMC3 has non-uniformly distributed surface structures. The rough intermetallic surface is ultimately characterized by experimentally measured surface porosity and roughness. A theoretically derived model was established to predict the ratio of wicking distance along the long axis (r x ) to that along the short axis (r y ) of the final wicking pattern featuring an elliptical shape. The relative deviation between theoretically predicted r x /r y ratio and the average experimental value is around 5%. This small margin of error proves validity of the theoretically established model. Thus, an anisotropic wicking can be predicted with an analytical model proposed.
